A dual enzyme system of exo-maltotetraohydrolase [EC 3.2.1.60] and pullulanase [EC 3.2.1.41] was studied for the continuous production of maltotetraose. Porous chitosan beads were selected from among many carriers as the best carrier to immobilize both enzymes.
Various
maltotetraose-forming amylases have been discovered and their characteristics have been studied.1~7) Wehave been developing a process for the continuous production of maltotetraose using a bioreactor system of immobilized Pseudomonasstutzeri amylase. In a previous paper, 7) we reported that the adsorption resin Diaion HP-50 was the best carrier to immobilize exo-maltotetraohydrolase for the continuous production of maltotetraose and that the properties of the immobilized enzyme were improved. Furthermore, the continuous production of maltotetraose using an immobilized enzyme was investigated. An optimum operation condition was determined using the concept of "specific space 1843 velocity."8) The stability of the immobilized enzyme was also investigated to introduce a newfactor, the immobilized enzyme stability factor fs.9) In this paper we report on a dual enzyme system composed of immobilized exo-maltotetraohydrolase and pullulanase for the continuous production of a high content of maltotetraose.
The immobilization of both enzymes was investigated for continuous operation and effective use of the enzymes. The objective was to discover a carrier having better properties than Diaion HP-50. Regarding pullulanase, the best carrier was selected from amongmore than 200 commercially available carriers. Previous investigations of immobilized det To whomreprint requests should be addressed.
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Abbreviations: Gl, G2, G3, à" à" à" etc., denote D-glucose, maltose, maltotriose and so on: one International Unit (IU) is defined according to the International Commission on Enzymes as the amount ofenzyme that hydrolyzes one /miol of glucosidic bonds per minute under optimal conditions. branching enzymes showed low activity and instability in continuous operation.10~12)
First, the properties of the immobilized enzymes were examined and compared with those of the native enzymes. Next, the effects of operating conditions on the continuous production of maltotetraose using an immobilized exo-maltotetraohydrolase system were examined. Finally, the continuous production of maltotetraose was examinedusing a column reactor of the dual enzyme system.
Materials and Methods

Materials.
Exo , and pullulan (produced by Hayashibara Biochemical Research Institute, average molecular weight 6.5 x 104) were commercial materials. The reduced-soluble starch was prepared using the methods described in our previous papers.7 13' Analytical methods. The methods used to assay the activities of the native and immobilized exo-maltotetraohydrolases and to analyze the protein content, the reduced sugar and the saccharide composition were the same as described in our previous papers.7'14~16) The native pullulanase was assayed at 40°C with a pH of 6.0 using a substrate solution of 0.5% (w/v) pullulan. The activity of the immobilized pullulanase was assayed in the same manner as for the immobilized exo-maltotetrao-
Immobilization of enzymes. The exo-maltotetraohydrolase was immobilized using the methods described in our previous paper.7) The pullulanase was also immobilized in the same manner using 2ml of pullulanase solution (5~500IU) instead of the exo-maltotetraohydrolase solution. The definitions of the apparent activity and the exhibited activity of the immobilized enzyme, and the ratios of immobilization of enzyme activity and protein were also the same as those in a previous paper.7)
Optimumreaction conditions and properties of immobilized enzymes. The optimum pH, optimum temperature, pH stability, thermostatility, and Kmand the effects of various metal ions and inhibitors on the immobilized exomaltotetraohydrolase were examined using the methods described in a previous paper.7) The sameproperties for the native and immobilized pullulanases were also examined using these methods, but with pullulan as a substrate instead of soluble starch.
Effects of operating conditions on the continuous production of maltotetraose using an immobilized exomaltotetraohydrolase system. Ten milliliters of the immobilized exo-maltotetraohydrolase was packed into the column (10^x200mm). The column reactor was operated under various conditions: concentrations of Pine-Dex #1 were 20, 25, and 30% (w/w), enzyme loads were 200, 500, and lOOOIU/g-carrier, and space velocities were O.S^lOhr"1.
The reaction temperature and pH were constant at 40°C and 7.0, respectively. The saccharide composition of the effluent from the columnwas analyzed.
Continuous production of maltotetraose using a dual immobilized enzyme system. Five hundred IU of exomaltotetraohydrolase was immobilized on one gram of chitosan beads to obtain an exhibited activity of 181 IU/g-IME. One thousand IU of pullulanase was also immobilized on one gram ofchitosan beads to obtain an exhibited activity of 130IU/g-IME.
Four milliliters (3. 1 g) of the immobilized exo-maltotetraohydrolase and 5.6 ml (4.3 g) of the immobilized pullulanase were mixed to pack into the glass column (10^x 200mm): the ratio of the exhibited activity of exo-maltotetraohydrolase to that ofpullulanase in the column was 1 to 1. Pine-Dex #1 solution was fed into the column and the saccharide composition of the effluent from the columnwas analyzed. The details of the operating conditions are described in Results.
Results and Discussion
Immobilization of exo-maltotetraohydrolase
It had been found that the porous adsorption resin Diaion HP-50 was the best carrier for the immobilization of exo-maltotetraohydrolase. As a result of investigating some newly obtained carriers, several were identified as being better than Diaion HP-50. As shown in Table I , the carrier having the highest exhibited activity of 307IU/g-carrier was the porous chitosan beads. enzymes immobilized on chitosan beads and on Duolite S-761 was observed above the range of 200IU/g of enzyme applied. This is considered to be because the porous chitosan beads have larger pore sizes and a larger surface area than porous adsorption resin so a larger amount of enzyme immobilizes on them and the reaction occurs easily due to less resistance to diffusion. The exhibited activity of the enzyme immobilized on the chitosan beads was 135IU/g-IME (immobilized enzyme) at more than 500 IU/g-carrier of the enzyme applied, or twice the exhibited activity of the enzyme immobilized on Duolite S-761.
From these results, porous chitosan beads were selected as the best carrier for the dual immobilized enzyme system because they showed the highest exhibited activity for both enzymes.
Optimumreaction conditions and properties of immobilized enzymes Figure 2 shows the properties of the native exo-maltotetraohydrolase and the enzyme immobilized on the chitosan beads. The optimum pH of the immobilized enzyme was 7.0 and the activity was higher than that of the native enzyme on the acidic side, pH 3.0~7.0. The optimumtemperature of the immobilized enzyme was 60°C, which was higher by 10°C than that of the native enzyme. Thus both pHstability and thermostability were improved by immobilization. Figure 3 shows the properties of the native pullulanase and the pullulanese immobilized on the chitosan beads. There was little difference between the native and the immobilized pullulanases. Only the thermostability was improved by immobilization. It increased by about 5°C compared with the native enzyme. Table III shows the effects of various metal ions on the immobilized exo-maltotetraohydrolase and pullulanase as compared with the native enzymes. Ca2+ increased, and Hg2+ decreased, the activities of both exomaltotetraohydrolase and pullulanase whether native or immobilized. Ag+ decreased the activity of the native pullulanase to a great degree but had less effect on the activity of the immobilized enzyme. Thus, Ca2+ was shown to be most effective for increasing the None  100  100  100  100  AgNO3  67  98  8  87  A1C13  99  96  1 00  102  BaCl2  92  103  100  107  CaCl2  107  121  104  1 16  CoCl2  106  100  101  103  CuCl2  81  74  10  17  FeSO4  97  94  94  1 02  FeCl3  87  87  111  110  HgCl2  0  5  5  1 3  LiCl  108  100  90  103  MgCl2  93  94  90  99  MnCl2  81  97  58  103  NiCl2  78  85  69  91  SrCl2  100  105  93  103  ZnCl2  58  102  88 1 08 This experimental result could be explained by the pore size of the carrier and the molecular size of the substrate. The pore size of the "Chitopearl" was 0.1~3/urn and the molecular sizes of the soluble starch and pullulan as substrates might be a few hundred, and more than one thousand angstroms, respectively. Therefore, the diffusion of the substrates into the pores might be the rate-controlling step for the immobilized enzyme systems. The effect might appear for the immobilized pullulanase system using a large molecular weight substrate and it might be the cause of the large increase in Km.
Effects of operating conditions on the continuous production of maltotetraose using an immobilized exo-maltotetraohydrolase system Figure 4 shows the experimental results when the specific space velocities and substrate concentrations were varied. The procedure of arranging the experimental data is the same as that used in a previous paper8):
The axis of abscissa is the specific space velocity (SSV) as defined by Eq. (1).
where F is the flow rate of the substrate solution (ml/h), p is the density of the substrate solution (g/ml), So is the substrate concentration (g/g), Wis the weight (wet basis) of packed immobilized enzyme (g), and A is the enzymeactivity (IU/g-IME).
The data for the enzyme immobilized on porous chitosan beads shifts to a larger SSV compared with the enzyme immobilized on Daion HP-50. The SSV value that gives the maximum G4 content using the enzyme immobilized on porous chitosan beads is 3.6 x 10~3 [hr"1 (IU/g)"1], which is about 1.8 times larger than the value for the enzyme immobilized on Diaion HP-50. This fact shows that 1.8 times more feed solution can be fed into the column when the same amount of enzyme is immobilized on porous chitosan beads rather than on Diaion HP-50; that is, porous chitosan beads are superior to Diaion HP-50.
Continuous production ofmaltotetraose using a dual immobilized enzyme system
The effects of operating conditions on the dual immobilized enzyme systems to produce maltotetraose were studied elsewhere.17) The preparation of the dual immobilized enzyme and the continuous operation procedure described in Method was one typical case. In this paper an example is shown to express the effectiveness of using a system with both enzymes immobilized. Figure 5 shows an example of the continuous production of maltotetraose (G4) using a dual immobilized enzyme system, adjusting the SVto keep the G4 content of the product at 50%, where the substrate concentration was 25%. The initial SV was 2.8hr"1 and the half life, or lapsed time until the enzyme activity or SV became one half of the initial activity or SV, was 16 days. A stable operation was successfully continued for more than 60 days and the dual enzyme system proved to be effective to increase the maltotetraose content in the product.
These preliminary results suggest to us the possibility of using the dual immobilized enzymesystem for the continuous production of a high content of maltotetraose on a large scale.
